Many large rivers around the world no longer flow to their deltas, due to ever greater water withdrawals and diversions for human needs. However, the importance of riparian ecosystems is drawing increasing recognition, leading to the allocation of environmental flows to restore river processes. Accurate estimates of riparian plant evapotranspiration (ET) are needed to understand how the riverine system responds to these rare events and achieve the goals of environmental 
from lack of freshwater inflows for over half a century (Tulipani, Grice, Krull, Greenwood, & Revill, 2014) , and regular, expensive dredging of the river's mouth is needed to allow the river to flow to the ocean (Kingsford et al., 2011) . Reductions in the Amu Darya River system in Central Asia due to diversions for large-scale cotton production resulted in the desiccation and salinization of the Aral Sea, leading to the collapse of that unique ecosystem and a vast fishing industry (Micklin, 2007) . These examples highlight the need for preservation of unaffected riparian corridors as well as new restoration efforts to prevent further impacts as population, and therefore our water demand, continues to increase (Tockner & Stanford, 2002) .
In 2014, landmark environmental flows into the Colorado River Delta provided an ideal opportunity to study many aspects of the region's hydrologic cycle, providing a picture of the ecological functioning of a highly altered major riparian corridor. Restoration of native vegetation along the river corridor was a primary impetus for the flows; historic floods resulting in discharge of surplus flows down the river corridor provided clear evidence of the Delta's capacity to re-establish many of its ecological functions (Zamora-Arroyo et al., 2005) . It was therefore expected that the groundwater recharge during the 2014 flows would allow native seeds to establish themselves. The contribution of ET from newly established native plants versus existing non-native species in this region is controversial in restoration programs and management of riparian systems. However, policy decisions related to the establishment of restored natural areas are driven by species-specific plant water use and reduction of riparian consumptive water use. Hence, it was important to understand ET patterns before, during, and after these flows in order to inform future policy decisions.
There are several common methods of estimating ET, depending on whether aerial (remote sensing) data (Kustas & Norman, 1996; Overgaard, Rosbjerg, & Butts, 2006; Schmugge, Kustas, Ritchie, Jackson, & Rango, 2002) , ground surface (Drexler, Snyder, Spano, Paw, & Tha, 2004; Rana & Katerji, 2000) , or subsurface (Lautz, 2008; S. I. Loheide, 2008; White, 1932) data are available. Studies combining surface or aerial data approaches with groundwater level are rare, perhaps due to their interdisciplinary nature. However, where vegetation are phreatophytic and rainfall is scarce (as is the case for the Colorado River), such an approach is advantageous for its ability to capture both localized, water availability effects and larger scale patterns.
The objectives of the current study were to (a) compare estimates of ET using groundwater data and satellite data at selected sites along the Lower Colorado River and (b) use the results of these two estimates to understand both short-term changes in ET response to flow events in 2014 and long-term patterns in ET in a phreatophytic, rainfall scarce, anthropogenic-impacted system.
| STUDY AREA
The Colorado River begins in Colorado, USA, and flows through seven U.S. states and 15 dams (on the main stem) before reaching the border with Mexico. Prior to the construction of these dams, the river continued through Mexico to perennially flow through an extensive estuary into the Gulf of California. In responses to the construction of the dams on the U.S. side of the river, the Delta has suffered drastically For example, in 1980 For example, in , 1984 For example, in , 1993 For example, in , and 1998 , a volume of 5,800-19,100 million m 3 of water were discharged below Morelos
Dam into the riparian corridor. These floodwaters, in some years equal to Mexico's normal allotment, inundated the riparian corridor and reached the levees that separated the corridor from agriculture lands, thus connecting the river with the sea and wetlands such as Laguna Salada.
The final reach of the Lower Colorado River to the Colorado River Delta begins in Mexicali, Baja California; the climate of this region is classified as warm dry, very extreme with great annual oscillation of temperature and little precipitation (Garcia, 1973) . Average annual rainfall is only 79 mm (IBWC, 2006) . Variations in temperature show a wide spectrum, with daily average values ranging from a minimum of −7.0°C to a maximum of 54.3°C, with an average annual temperature of 33.1°C (García, Cruz, Cervantes, & Tejeda, 1996) . Corporation, Bourne, MA), compensated with barometric pressure data, and rectified using manual measurements to convert pressures to water levels (accuracy 1.5 cm).
Groundwater data collected from the piezometers were analysed for subdaily evapotranspiration rates using a modified version of the White (1932) method described in S. I. Loheide (2008) . The basic method for using daily fluctuation in saturated groundwater levels to discern evapotranspirative removal from the aquifer (ET G ) was proposed by White (1932) as
where S y is the specific yield (dimensionless), Δs is the change in storage over time t (typically 1 day), and R is the recovery rate (L/T). The change in storage is calculated as the difference in the minimum daily depth to water over consecutive days. Because plants transpire only during daylight hours, the recovery rate is calculated from the slope of the change in depth to water over night, typically from midnight until 4 a.m.
or 6 a.m. This method assumes that the recovery rate is constant in time.
Building on the work of White (1932) 
In this study, data from midnight to 6 a.m. over three consecutive nights (i.e., bracketing the day under consideration) were used to calculate this detrended recovery rate. Finally, the detrended water levels and recovery rates were used to calculate ET G for any time step using the equation for each well:
For this analysis, the above process was performed in MATLAB (MathWorks, Inc., Natick, MA) using piezometer data at five locations as described above to estimate ET G at 1-hr intervals over the period of data available for each piezometer. As discussed in S. P. Loheide, Butler, and Gorelick (2005) , the White (1932) The integrated EVI indicates the growing season productivity. As with the seasonality metric, productivity was similar between sites until restoration efforts began in 2008. Although the effects of site clearing and replanting, as described above, are apparent from this metric, the additional noise in this metric suggests that other activities also impacted productivity at the sites since 2008, and the differences in increases and decreases between productivity and seasonality suggest that interannual variability in rainfall is not responsible.
| Comparison between methods
Broadly comparing ET G estimates to ET estimates derived from MODIS data, the ET G values typically fall directly between potential (ET o ) and actual (ET a ) ET estimated from MODIS data at MA1, CH4, Note. EVI = Enhanced Vegetation Index; ET = evapotranspiration.
*Seasonal change in EVI = (yearly maximum EVI − yearly minimum EVI) / yearly minimum EVI **Coefficient of variation = Standard Deviation divided by mean for each site. In contrast, ET G aligns fully with at site ET o CH3A. Weekly averaged ET G was highly correlated with both ET a and ET o at CH4, CH3A, and RC16 (Table 2 ). For MA1, using only 2015 data, there was a relatively strong correlation of 0.67 (p < .01) between ET G and ET o but no significant correlation with ET a . Conversely, using only 2014 data, there was a relatively strong correlation between ET G and both ET o and ET a at 0.77 and 0.67, respectively (p < .01). Higher correlation coefficients between both pairs could also be found at CH3A and RC16 using only 2014 or 2015 data, respectively.
5 | DISCUSSION
| Comparison of methods
The combination of groundwater data and satellite data uniquely allowed for both restoration site-wide vegetation effects and localized,
Metrics calculated for the three restoration sites using long-term (EVI) data. Only metrics where spatial and temporal differences are described in the text are shown overall. This agrees with a previous study, which showed that riparian ET is about 50% of ET o on western rivers, regardless of species composition (Nagler et al., 2005) ; although in this case, where rainfall is scarce and vegetation are largely dependent on groundwater, ET would be expected to approach ET o .
Using both methods, our ET estimates at the three restoration areas generally agree with previous studies of native and non-native ET for the plant species present. ET for cottonwood trees has been estimated at 3-12 mm day −1 (Cleverly, Dahm, Thibault, McDonnell, & Allred Coonrod, 2006; Gazal, Scott, Goodrich, & Williams, 2006; Nagler et al., 2007; Pataki, Bush, Gardner, Solomon, & Ehleringer, 2005) , and saltcedar has been shown to have a similar range of 6-8 mm day −1 (Nagler, Morino, Didan et al., 2009) . Several studies have estimated ET rates along sections of the Lower Colorado River, giving a range of approximately 300-1500 mm year −1 (Chatterjee, 2010; Nagler, Morino, Didan et al., 2009; Nagler, Morino, Murray, Osterberg, & Glenn, 2009; Westenburg, Harper, & DeMeo, 2006) . In that study, the authors evaluated many sites over only 3 years of data to better understand spatial differences and the characteristics of several distinct ecosystem types. Here, the ecosystem was similar between sites, and these metrics were used quite differently. Our goal was to understand the causes of long-term variability, the impact of restoration activities, and whether the flow releases would be apparent in this type of data. In comparison to Méndez-Barroso et al. (2009) , the values obtained by these metrics were also quite different. For example, the coefficient of variation for integrated EVI calculated for each of our sites was about double that calculated for any of the ecosystems in their study (reflecting the large changes caused by the restoration activities), and overall, the EVI values were lower, and the growing season spread out over a longer time span.
| Short-term ET response to flow events and long-term patterns
Although the impact of the flow releases was not immediately apparent from these metrics, changes due to restoration efforts could be identified. Monitoring of the parameters shown in Figure 4 over the coming years will allow evaluation of the success of restoration areas along this reach of river and may show more long-term effects from the flow releases.
| CONCLUSIONS
This study is therefore not only a rare comparison of satellite and groundwater methods for estimating ET but also providing ET estimates during an environmental flow. Hydrological connectivity between surface and subsurface flows in riparian zones sustains ecosystem processes and river patterns at multiple scales (Kondolf et al., 2006) ; therefore, the combination of groundwater and ET information is especially important in river restoration. However, planning environmental flows to adequately recreate the hydrological processes inherent in naturally-flowing rivers remains a challenge, and management of large rivers can suffer if the understanding of these processes is simplistic (Arthington et al., 2006) . Although this study did not identify immediate changes in ET at native vegetation sites along the river in response to base flow and pulse flow events along the river, it provides important information regarding vegetation response to the infiltration available from planned flows of different magnitudes and durations.
This will help to adjust planned environmental flows to management goals during future releases. Furthermore, this study adds to the currently small collection of studies documenting ecological response to large environmental flows, contributing to our understanding of how large ephemeral river systems respond to human restoration efforts.
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